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There is a major, unmet need for the treatment of cancer pain, and new targets and medicines are required. The transient
receptor potential ankyrin 1 (TRPA1), a cation channel expressed by nociceptors, is activated by oxidizing substances to
mediate pain-like responses in models of inflammatory and neuropathic pain. As cancer is known to increase oxidative stress,
the role of TRPA1 was evaluated in a mouse model of cancer pain. Fourteen days after injection of B16-F10 murine melanoma
cells into the plantar region of the right hind paw, C57BL/6 mice exhibited mechanical and thermal allodynia and thigmotaxis
behavior. While heat allodynia was partially reduced in TRP vanilloid 1 (TRPV1)-deficient mice, thigmotaxis behavior and
mechanical and cold allodynia were absent in TRPA1-deficient mice. Deletion of TRPA1 or TRPV1 did not affect cancer growth.
Intrathecal TRPA1 antisense oligonucleotides and two different TRPA1 antagonists (HC-030031 or A967079) transiently
attenuated thigmotaxis behavior and mechanical and cold allodynia. A TRPV1 antagonist (capsazepine) attenuated solely heat
allodynia. NADPH oxidase activity and hydrogen peroxide levels were increased in hind paw skin 14 days after cancer cell
inoculation. The antioxidant, α-lipoic acid, attenuated mechanical and cold allodynia and thigmotaxis behavior, but not heat
allodynia. Whereas TRPV1, via an oxidative stress-independent pathway, contributes partially to heat hypersensitivity,
oxidative stress-dependent activation of TRPA1 plays a key role in mediating thigmotaxis behavior and mechanical and cold
allodynia in a cancer pain model. TRPA1 antagonists might be beneficial in the treatment of cancer pain.
Introduction
Despite the fact that prevention and novel treatments have
reduced incidence and mortality, cancer remains a major pub-
lic health problem worldwide. As a consequence of cancer,
pain is one of the most feared and burdensome symptoms,1
and unrelieved pain represents a major unmet medical con-
cern in cancer patients.2,3 Although present at any time, pain
usually increases with cancer progression, affecting from 75 to
90% of patients with metastatic or advanced-stage cancer.1,2
Advancements in the knowledge of pain and improvement in
the use of analgesics have been limited. Thus, a considerable
proportion of cancer patients complain of inadequate
treatment,4,5 or report a number of severe adverse effects from
currently available therapies.6 Poor understanding of the
mechanism of cancer pain and lack of selective targets are
major limitations for the development of novel, effective and
safe drugs.
Activation of ion channels expressed in primary sensory
neurons has been proposed to contribute to the initial proces-
sing of cancer pain.7 Acid-sensing ion channels (ASICs) and
transient receptor potential vanilloid 1 (TRPV1), possibly
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activated or sensitized by increased concentrations of protons
or other mediators, appear to contribute to hypersensitivity in
bone cancer pain models7,8 and in a soft tissue cancer model
induced by injection of squamous cell carcinoma into the rat
hind paw.9 Among the numerous regulatory proteins found in
peptidergic nociceptors, the TRP ankyrin 1 (TRPA1) is a non-
selective cation channel expressed by TRPV1-positive neu-
rons, and a multisensor for a variety of noxious exogenous
and endogenous stimuli, which plays a major role in different
models of inflammatory and neuropathic pain.10–14 In addi-
tion to exogenous agonists, such as allyl isothiocyanate (AITC,
in mustard oil and wasabi), cinnamaldehyde (in cinnamon)
and allicin (in garlic), an unprecedented series of endogenous
pro-inflammatory substances produced at sites of inflamma-
tion or tissue injury, including reactive oxygen, nitrogen and
carbonyl species (ROS, RNS and RCS, respectively), directly
gate TRPA1.10–12,15–17
Some recent examples underline the unique ability of
TRPA1 to sense the redox state of the milieu18 and, via this
mechanism, to signal pain evoked by anticancer treatments.
Chemotherapeutic drugs, including bortezomib, oxaliplatin
and paclitaxel, elicit cold and mechanical allodynia in mice
via oxidative stress-dependent TRPA1 activation.12–14 Fur-
thermore, TRPA1 activation by two channel agonists, the aro-
matase inhibitors, letrozole19 and the aromatase substrate,
androstenedione, was exaggerated by ROS.20 Notably, the syn-
ergistic action of clinically relevant concentrations of letrozole,
androstenedione and ROS reproduced inflammatory and neu-
ropathic pain in mice, similar to the musculoskeletal symp-
toms reported by breast cancer patients treated with
aromatase inhibitors.20
Cancer remarkably disrupts tissue architecture and alters
the biochemistry and metabolism of the microenvironment.21
Oxidative stress generation in cancer cells,22 as well as in the
cells surrounding the tumor,8,23,24 is one of the most common
and major changes associated with cancer growth. However,
the role of TRPA1 and oxidative stress in pain originated by
cancer growth is unknown. Here, in a model of cancer pain
evoked by the inoculation of a mouse melanoma cell line in
the hind paw in mice, we show that, while TRPV1 partially
contributes to oxidative stress-independent heat hypersensitiv-
ity, thigmotaxis behavior and mechanical and cold allodynia
associated with tumor growth are entirely due to oxidative
stress-dependent activation of nociceptor TRPA1.
Materials and Methods
Animals
Male adult C57BL/6 (male, 20–25 g, 5–6 weeks), littermate
wild-type (Trpa1+/+) and TRPA1-deficient (Trpa1−/−;
B6129P-Trpa1tm1Kykw/J) mice (25–30 g, 6–8 weeks) and
TRPV1-deficient mice (Trpv1−/−; B6129X1-Trpv1tm1Jul/J)
backcrossed with C57BL/6 mice (Trpa1−/− or Trpv1+/+) for at
least 10 generations (25–30 g, 6–8 weeks) were used. The ani-
mals were housed 4 per cage, with wood shaving bedding and
nesting material and standard animal food (Puro Lab 22 PB
pelleted form, Puro Trato, Rio Grande do Sul, Brazil) and tap
water ad libitum. The room temperature was controlled
(22  1 C), and the illumination maintained on a 12-h light/
dark cycle (lights on from 7:00 A.M. to 7:00 P.M.). Mice were
acclimatized in the experimental room for at least 1 h before
testing, and they were used throughout the experiments. The
experiments reported in the current study were carried out in
accordance with the guidelines for laboratory animal care and
the ethical guidelines for pain investigations in conscious ani-
mals set by the International Association for the Study of
Pain.25 The study was approved by the Ethics Committee on
the Use and Care of Laboratory Animals of the Federal Uni-
versity of Santa Maria (UFSM, protocol #7658240417), Uni-
versity of the Extreme South of Santa Catarina (Unesc;
protocol #082–2014-01), São Paulo University (USP; process
#208/2014) and University of Florence (protocol
#579/2017-PR). The behavioral studies followed the animal
research reporting in vivo experiments (ARRIVE) guidelines.26
The number of animals for each experiment was determined
by sample size estimation based on previous results obtained
in our laboratory. The intensity of the noxious stimuli used
were the minimum levels necessary to demonstrate the consis-
tent effects of the drug treatments. Behavioral evaluations
were performed between 8:00 A.M. and 5:00 P.M. All experi-
ments were performed by an operator blind to drug adminis-
tration and in vitro treatment.
Reagents and drugs
If not otherwise indicated, all reagents were from Sigma-
Aldrich Chemical Co. (St. Louis, MO).
Cell culture and procedure for tumor inoculation
B16-F10 murine melanoma cells (CRL-6475; ATCC, Manas-
sas, VA) were obtained from the Rio de Janeiro Cell Bank
(BCRJ code 0046) and were cultured in DMEM containing
What’s new?
While cancer is a frequent cause of pain, mechanisms underlying the association are poorly understood. Moreover, therapeutic
options for cancer pain are limited, and affected patients are undertreated. Here, using a mouse model of cancer pain, the
authors identify transient receptor potential ankyrin 1 (TRPA1), a cation channel expressed by pain receptors, as a primary
transducer of cancer pain. In animals, TRPA1 deletion attenuated sensitivity to mechanical and cold pain stimuli. Similar
effects were produced upon TRPA1 blockade via pharmacological inhibition and TRPA1-targeted antisense oligonucleotides.
The findings warrant further investigation of TRPA1 antagonism as a means of treating cancer pain.
2 TRPA1 plays a critical role in a mouse model of cancer pain
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10% FBS and 1% penicillin–streptomycin (10,000 U/100 μg/
mL) at 37 C with 5% CO2 in a humidified atmosphere and.
B16-F10 murine melanoma cells were used when received
without further authentication. For tumor inoculation, 20 μL
of melanoma cells (2 × 105 cells) were suspended in PBS and
injected (subcutaneous, s.c.) into the plantar region of the
mice’s right hind paws.27,28 The s.c. injection of PBS was used
as vehicle.
Paw edema
The paw thickness after B16-F10 tumor cell inoculation was
measured with a digital caliper.29 Paw thickness was verified
2–14 days after B16-F10 melanoma cell inoculation and com-
pared to vehicle injection. The results were expressed as per-
centage increase of the paw thickness over the basal value.
Behavioral tests
All behavioral tests were assessed before tumor inoculation
(baseline), 2–14 days after B16-F10 tumor cell inoculation or
vehicle injection, and then after treatments at different time
intervals (1, 2 or 3 h).
Thigmotaxis behavior in the open field test. We used an
open field apparatus to investigate the thigmotaxis behavior
(the tendency to stay near the walls, e. g., in an observation
chamber) that are related to nociception.30 Thus, C57BL/6,
Trpa1+/+ and Trpa1−/− mice were introduced to individual
activity chambers (50 × 50 × 25 cm), to which they had not
previously been exposed. Each chamber had an inner zone
(20 × 20 cm) delimiting the chamber’s center. Thigmotaxis
behavior was considered as the time spent in the inner zone,
the number of rearing (vertical movements) and the number
of crossing (horizontal movements), which were analyzed for
30 min.
Mechanical allodynia. The mechanical allodynia was
assessed in C57BL/6, Trpa1+/+, Trpa1−/−, Trpv1+/+ and
Trpv1−/− mice by measuring the paw withdrawal threshold by
using the up-down paradigm as previously described31 with
minor modifications.12 Briefly, the mice were firstly acclima-
tized (1 h) in individual clear plexiglass boxes (9 × 7 ×
11 cm) on an elevated wire mesh platform, to allow for access
to the plantar surfaces of the hind paws. Von Frey filaments
of increasing stiffness (0.02–4 g) were applied to the hind paw
plantar surfaces of the mice with enough pressure to bend the
filament. The absence of a paw being lifted after 5 s led to the
use of the next filament with an increased weight, whereas a
lifting paw indicated a positive response, leading to the use of
a subsequently weaker filament. 50% mechanical paw with-
drawal threshold response was calculated from the resulting
scores, as previously described.32 The paw withdrawal thresh-
old responses were expressed in grams (g), and they were
evaluated before (baseline), 2–14 days after melanoma cell or
vehicle inoculation, and after drug treatments (1, 2 and 3 h).
The paw withdrawal threshold was measured in the periphery
of the melanoma mass because this region usually shows more
sensitivity.33 A significant reduction in paw withdrawal
threshold when compared to baseline characterized the devel-
opment of painful hypersensitivity (mechanical allodynia),
and an increase in the paw withdrawal threshold response
after treatment indicated an anti-allodynic effect.
Cold allodynia. Cold allodynia was assessed in C57BL/6,
Trpa1+/+, Trpa1−/−, Trpv1+/+ and Trpv1−/− mice by measuring
the acute nocifensive response to the acetone-evoked evapora-
tive cooling as previously described.12 Briefly, a droplet
(50 μL) of acetone, formed on the flat-tip needle of a syringe,
was gently touched to the plantar surface of the mouse hind
paw, and the time spent in elevation and licking of the plantar
region over a 60-s period was measured. Acetone was applied
3 times at a 10- to 15-min intervals, and the average eleva-
tion/licking time was calculated.
Heat hyperalgesia. Thermal hyperalgesia was measured in
C57BL/6, Trpa1+/+, Trpa1−/−, Trpv1+/+ and Trpv1−/− by
exposing the mid-plantar surface of the hind paw to a beam
of radiant heat through a transparent surface, using a plantar
analgesimeter for paw stimulation (Ugo Basile, Comerio,
Italy). Paw withdrawal latency was recorded as the time from
onset of the thermal stimulus to the withdrawal response. In
each paw, mean withdrawal latency of three measures was cal-
culated. The interval between trials on the same paw was at
least 5 min. The cut-off latency was set at 20 s to avoid tissue
damage.
Eye wiping test. The number of eye wiping movements, after
the instillation of eye drops of capsaicin (1 nmol/5 μL), AITC
(10 nmol/5 μL) or vehicles (2% and 4% DMSO, respectively)
to the conjunctiva, was recorded for a 10-min time period.34
Treatment protocols
TRPA1 selective antagonists and antioxidant. Intragastric
(i.g.) HC-030031 (300 mg/kg/10 ml), A-967079 and α-lipoic
acid (both, 100 mg/kg/10 ml, i.g) or their vehicle (dimethyl
sulfoxide, DMSO, 1% in NaCl 0.9%) and intraperitoneal (i.p.)
capsazepine (4 mg/kg/10 ml) or its vehicle (DMSO 1% in
NaCl 0.9%), were administered at day 14 after B16-F10 tumor
cell inoculation or PBS injection. Mice were tested before
(baseline), at day 14 (time 0) or 1, 2 and 3 h after treatments,
in the assessment of mechanical and cold allodynia. Thigmo-
taxis behavior was assessed 1 h after HC-030031 or α-lipoic
acid treatments.
TRPA1 oligonucleotide antisense. C57BL/6 mice received
intrathecal (i.th. 5 μL) TRPA1 antisense oligonucleotide
(TRPA1 AS ODN; 5’ TCTATGCGGTTATGTTGG 30; 30 μg/
kg) or its mismatch (TRPA1 MM ODN; 5’ ACTACTACAC-
TAGACTAC 30; 30 μg/kg), 3 times/day for 3 consecutive days
(days 11, 12 and 13, after B16-F10 tumor cells inoculation or
De David Antoniazzi et al. 3
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PBS injection). Mice were tested before (baseline) and at day
14 (time 0) after B16-F10 tumor cell inoculation or PBS injec-
tion, in mechanical and cold assessment, and in the thigmo-
taxis behavior.
Biochemical analysis
Hydrogen peroxide (H2O2) production assay. The H2O2 levels
in the hind paw skin after B16-F10 tumor cell inoculation or PBS
injection were determined by the phenol red-horseradish peroxi-
dase (HRP) method.35 Briefly, at day 14, after cell inoculation or
vehicle injection, mice were euthanized, and the hind paw skin was
removed and homogenized in 50 mM phosphate buffer (pH 7.4)
containing 5 mM sodium azide at 4 C for 60 s. The homogenate
was centrifuged (12.000xg for 20 min at 4 C). The supernatant
obtained was used to determine H2O2 levels.
35 The H2O2 levels
were expressed as μmol of H2O2 based on a standard curve of
HRP-mediated oxidation of phenol red byH2O2, corrected by pro-
tein content (in milligrams) of paw skin samples analyzed.
Evaluation of NADPH oxidase activity. NADPH oxidase
activity was assessed in the hind paw skin samples 14 days
after B16-F10 tumor cell inoculation or PBS injection, using a
commercially available assay kit (CY0100, cytochrome C
reductase, NADPH assay kit). Briefly, paw skin samples were
homogenized in 50 mM phosphate buffer (pH 7.4) and centri-
fuged at 3.000x g for 10 min at 4 C. The supernatant
obtained was centrifuged for 40 min at 10.000x g at 4 C. The
final supernatant was used for NADPH activity determination.
The NADPH oxidase activity was expressed as U/mL/mg of
protein.
Histology and immunofluorescence
Anesthetized [ketamine (90 mg/kg) and xylazine (3 mg/kg), i.
p.] mice were transcardially perfused with PBS, followed by
4% paraformaldehyde at day 14 after B16-F10 tumor cell
inoculation. The paw with injected B16-F10 tumor cells was
removed, post-fixed for 24 h, and paraffin embedded or cryo-
protected overnight at 4 C in 30% sucrose until cryosection-
ing. Cryosections (10 μm) were stained with hematoxylin and
eosin (H&E) for histological examination. Sections (5 μm) of
formalin fixed paraffin-embedded tissue were incubated with
the after primary antibody: TRPA1 (ab58844, rabbit poly-
clonal, 1:400, Abcam, Cambridge, UK), (1 h, RT) diluted in
antibody diluent (Roche Diagnostics, Mannheim, Germany).
Sections were then incubated with fluorescent secondary anti-
bodies: polyclonal Alexa Fluor 488 (1:600, Invitrogen, Milan,
Italy) (2 h, RT, protected from light). Sections were then cov-
erslipped using a water-based mounting medium with 406’-
diamidino-2-phenylindole (DAPI) (Abcam, Cambridge, UK).
The analysis of negative control (nonimmune serum) was
simultaneously performed to exclude the presence of nonspe-
cific immunofluorescent staining, cross-immunostaining, or
fluorescence bleed-through. Tissues were visualized, and digi-
tal images were captured using an Olympus BX51.
Real-time PCR
RNA was extracted from cultured B16-F10 cells and trigeminal
ganglion neurons. The standard Trizol® extraction method was
used. RNA concentration and purity were assessed spectropho-
tometrically by measuring the absorbance at 260 nm and
280 nm. The RNA (100 ng) was reverse-transcribed using the
iScript™ cDNA Synthesis kit (Bio-Rad, Hercules, USA) accord-
ing to the manufacturer’s protocol. For relative quantification
of mRNA, real-time PCR was performed on Rotor Gene® Q
(Qiagen, Hilden, GE). The sets of primers-probes were as fol-
lows: 18S-FW (forward): 5’-CGCGGTTCTATTTTGTTGGT-30,
18S-RE (reverse): 5’-AGTCGGCATCGTTTATGGTC-30 (NCBI
Ref Seq: NR_003278.3); TRPA1-FW: 5’-CAGGATGC-
TACGGTTTTTTCATTACT-30, TRPA1-RE: 5’-GCATGTGT-
CAATGTTTGGTACTTCT-30 (NCBI Ref Seq: NM_177781.4).
The chosen reference gene was the 18S. SsoAdvanced™ Uni-
versal SYBR® Green Supermix (Bio-Rad, Hercules, USA) was
used for amplification, and the cycling conditions were the
after: samples were heated to 95 C for 1 min followed by
40 cycles of 95 C for 10 s, and 65 C for 20 s. PCR reaction
was carried out in triplicate. Relative expression of TRPA1
mRNA was calculated using the 2-Δ(ΔCT) comparative method,
with each gene normalized against the internal endogenous ref-
erence 18S gene for the same sample.
Statistical analysis
All values were expressed as mean  S.E.M and analyzed by
Student’s t-test, One-way or Two-way analysis of variance
(ANOVA) followed by Bonferroni’s post hoc test when appro-
priate. All tests were carried out using GraphPad 5.0 Software
(San Diego, CA). The p < 0.05 values denote significant differ-
ence among groups.
Results
Intraplantar inoculation of cancer cells evokes mechanical
and thermal allodynia and thigmotaxis behavior in mice
Intraplantar (i.pl.) injection of B16-F10 melanoma cells in the
hind paw of mice induced a progressive increase of paw volume
(12–16 days), indicating the development of tumor mass
(Figs. 1a and 1b). Mice inoculated with B16-F10 melanoma Cells
exhibited mechanical (Fig. 1c) and thermal (cold and heat) allo-
dynia (Fig. 1d) (10–16 days). Allodynia peaked 14 days after
B16-F10 melanoma cell inoculation, to decline in the after days,
probably because disruption of tissue architecture associated
with excessive increase in cancer mass prevented the reproduc-
ible assessment of mechanical and thermal hypersensitivity
(Fig. 1c). Furthermore, measurements of thigmotaxis behavior
were performed 14 days after melanoma cells inoculation. At this
time point, we observed a significant reduction in the number of
rearing events and in the time spent in the inner zone in the
open field test during 30 min of observation compared to vehicle
(PBS) injected mice (Fig. 1e), whereas no changes in the number
of crossings (Fig. 1e) were reported. Mice injected with PBS did
not show any change in mechanical and thermal (cold and heat)
4 TRPA1 plays a critical role in a mouse model of cancer pain
Int. J. Cancer: (2018) © 2018 The Authors. International Journal of Cancer published by John Wiley & Sons Ltd on behalf of UICC.
T
um
or
Im
m
un
ol
og
y
an
d
M
ic
ro
en
vi
ro
n
m
en
t
hypersensitivity over the 14 days of observation (Figs. 1b–1d),
nor thigmotaxis behavior was observed at day 14 after the injec-
tion (Fig. 1e).
TRPA1, but not TRPV1, gene-deletion attenuates mechanical
and cold allodynia and thigmotaxis behavior
Inoculation of B16-F10 melanoma cells in the hind paw of
Trpa1+/+ mice caused a time-dependent increase in mechani-
cal and cold allodynia (Fig. 2a), which were like those observed
in C57BL/6 mice, and absent in Trpa1−/− (Fig. 2a). Heat
hyperalgesia was unaffected by Trpa1 deletion (Fig. 2a). At
day 14 after tumor cell inoculation, changes in thigmotaxis
behavior (number of rearing events and time spent in the
inner zone in the open field test) were observed in Trpa1+/+
mice, which were similar to those observed in C57BL/6 mice
(Fig. 2b), but these behaviors were absent in Trpa1−/− mice.
The crossings number was unaffected in C57BL/6 mice and in
both Trpa1+/+ and Trpa1−/− mice (Fig. 2b). Thus, this
Figure 1. Intraplantar (i.pl.) inoculation of cancer cells evokes mechanical and cold allodynia, heat hyperalgesia and thigmotaxis behavior in
mice. (a) representative microphotographs of tumor-bearing hind paw of C57BL/6 mice 2–16 days after inoculation (i.pl.) of B16-F10
melanoma cells (2 × 105 cells/mL, 20 μL). The drawing in the upper right panel represents the site of inoculation. Time-dependent increase
in paw thickness (b), mechanical (c), cold and heat (d) allodynia after B16-F10 melanoma cell inoculation. (e) Thigmotaxis behavior assessed
by measuring number of rearing events, time spent in the inner zone, or crossing number in the open field test at day 14 after B16-F10
melanoma cell inoculation. Control mice were injected in the paw with PBS. BL, baseline measurement. Data are expressed as mean + S.E.M.
(n = 8 mice per group). **p < 0.01, ***p < 0.001, when compared to PBS-treated group. Two-way ANOVA, followed by Bonferroni’s post hoc
test or Student’s t-test.
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parameter was not further investigated, and the evaluation of
thigmotaxis behavior refers only to number of rearing events
and time spent in the inner zone.
TRPA1 mRNA (RT-qPCR) expression was elevated in cul-
tured trigeminal ganglion neurons and was undetectable in
B16-F10 melanoma cells in culture (Fig. 2c). This finding does
not support the hypothesis that TRPA1 exerts a direct role in
tumor growth. Furthermore, the absence of both mechanical
and cold allodynia and thigmotaxis behavior in Trpa1−/− mice
cannot be associated with a reduced mass effect due to changes
in tumor growth, since Trpa1+/+ and Trpa1−/− mice showed a
comparable time-dependent increase in paw thickness after
B16-F10 melanoma cells inoculation (Fig. 2d). Immunofluo-
rescence analysis showed that, at day 14, PGP9.5+ nerve fibers
were found in close proximity to the mass of proliferated
B16-F10 melanoma cells (Fig. 2e). Some of the nerve fibers
exhibited a remarkable positivity for the TRPA1 channel, sug-
gesting a possible interaction between the tumor and
TRPA1-expressing nerve bundle (Fig. 2f ).
Deletion of TRPV1 did not affect tumor growth, nor
mechanical and cold allodynia (Figs. 3a and 3b). However, a
partial but significant reduction in the heat hyperalgesia was
observed in Trpv1−/− (Fig. 3c). Treatment with the TRPV1
selective antagonist, capsazepine (4 mg/kg, i.p.), attenuated
Figure 2. TRPA1 gene-deletion attenuates mechanical and cold allodynia, and pain-related behaviors in cancer pain model in mice. Time-
dependent (2–16 days) changes in (a) mechanical and cold allodynia, and heat hypersensitivity in Trpa1+/+ and Trpa1−/− mice. (b)
Thigmotaxis behavior assessed by measuring number of rearing events, time spent in the inner zone, and crossing number in the open field
test at day 14 after B16-F10 melanoma cell inoculation or PBS injection in Trpa1+/+ or Trpa1−/− mice. (c) Representative real-time PCR plot
and pooled data for TRPA1 mRNA relative expression in cultured trigeminal ganglion (TG) neurons and B16-F10 melanoma cells (n = 3
replicates from 2 independent experiments; n.d. not detectable). (d) Time-dependent changes in paw thickness and representative
microphotographs of the tumor-bearing hind paw after B16-F10 melanoma cell inoculation in Trpa1+/+ or Trpa1−/−. (e) Representative images
of hematoxylin and eosin of hind paw 14 days after B16-F10 melanoma cells inoculation in C57BL/6 mice, showing nerve trunk surrounded
by tumor cells. (f ) Immunofluorescence staining of TRPA1 and PGP9.5 (a specific marker for nerve fibers) in the hind paw 14 days after
B16-F10 melanoma cell inoculation in C57BL/6 mice (scale bar: 50 μm). Control mice were injected in the paw with PBS. BL, baseline
measurement. Data are expressed as mean + S.E.M. (n = 8 mice per group). **p < 0.01, ***p < 0.001, when compared to Trpa1+/+/PBS;
§§§p < 0.001, when compared to Trpa1+/+/B16-F10. Two-way ANOVA or One-way ANOVA, followed by Bonferroni’s post hoc test.
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heat hyperalgesia but did not affect mechanical and cold allo-
dynia (Fig. 3d). This finding further strengthens a primary
role of TRPA1 channel in the development of in B16-F10
melanoma-induced mechanical and cold allodynia.
TRPA1 antisense oligonucleotide and TRPA1 antagonists
decreased mechanical and cold allodynia and thigmotaxis
behavior
To confirm the contribution of nociceptor TRPA1 in mechan-
ical and cold allodynia and thigmotaxis behavior evoked by
B16-F10 melanoma cells inoculation in the hind paw, mice
were treated with intrathecal TRPA1 AS or MM ODN.
Administration of TRPA1 AS ODN, but not MM ODN, atten-
uated AITC-, but not capsaicin-evoked acute nociception,
measured as eye wiping response (Fig. 4a), thus indicating
selective disruption of TRPA1-mediated pain signaling.
Administration of TRPA1 MM ODN did not affect baseline
mechanical and cold threshold or thigmotaxis behavior in
mice treated with vehicle or B16-F10 melanoma (Figs. 4b and
4c). However, TRPA1 AS ODN administration attenuated
both mechanical and cold allodynia and restored the decrease
in thigmotaxis behavior (Figs. 4b and 4c).
Systemic (i.g.) administration of two chemically unrelated
TRPA1 receptor antagonists, HC-030031 (300 mg/kg) or
A967079 (100 mg/kg), attenuated in a time-dependent manner
both mechanical and cold allodynia evoked by inoculation of
B16-F10 melanoma cells (Figs. 4d and 4e). Complete inhibition
by both HC-030031 and A967079 was observed 1–2 h after
drug administration, whereas allodynia fully recovered 3 h
after (Figs. 4d and 4e). HC-030031 administration reversed the
thigmotaxis behavior compared to its vehicle (Fig. 4f ).
Melanoma cell inoculation increased oxidative stress and
antioxidant treatment attenuated mechanical and cold
allodynia and thigmotaxis behavior
Increased levels of H2O2 were detected in the paw of mice 14 days
after inoculation of B16-F10 melanoma cells, compared to mice
injected with PBS (Fig. 5a). Similarly, NADPH oxidase activity
was markedly increased in hind paw skin of mice inoculated with
B16-F10 melanoma (Fig. 5b). Systemic (i.g.) administration of
the antioxidant, α-lipoic acid (100 mg/kg), caused a time-
dependent attenuation of both mechanical and cold allodynia but
left heat allodynia unchanged, evoked by melanoma cells inocula-
tion (Fig. 5c). Reversal of mechanical and cold hypersensitivity
was obtained in 1 h, was maintained for 2 h thereafter, and ter-
minated 3 h after α-lipoic acid administration. The vehicle of
α-lipoic acid was ineffective (Fig. 5c). In addition, α-lipoic acid
administration reversed the thigmotaxis behavior induced by
tumor cells inoculation (Fig. 5d). The α-lipoic acid vehicle did
not affect thigmotaxis behavior (Fig. 5d).
Discussion
Different animal models have recently been proposed for reprodu-
cing metastatic cancer-related pain, including tumor cells injection
in the bone or the plantar pad.36–39 Previous studies showed that
subcutaneous injection in the hind paw of B16-F10 melanoma cells
Figure 3. TRPV1 gene-deletion reduced the heat hyperalgesia in a cancer pain model in mice. Time course (2–16 days) of (a) paw thickness,
(b) mechanical and cold allodynia and (c) heat allodynia in Trpv1+/+ andTrpv1−/− mice. (d) Mechanical, cold and heat allodynia in
capsazepine (CPZ, 4 mg/kg, i.p.) treated mice at day 14 after B16-F10 melanoma cells (2 × 105 cells/mL, 20 μL) intraplantar (i.pl.)
inoculation. Control mice were injected in the paw with PBS. BL, baseline measurement. Data are expressed as mean + S.E.M. (n = 8 mice
per group). ***p < 0.001, when compared to Trpv1+/+/PBS or PBS-treated group; §p < 0.05, §§§p < 0.001, when compared to Trpv1+/+/B16-F10
or VehCPZ/B16-F10. Two-way ANOVA followed by Bonferroni’s post hoc test.
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induces mechanical and cold allodynia that can be assessed 14 days
after cells inoculation.27,28,40 Although mechanical and thermal
allodynia is a hallmark of cancer pain, in the present study, we
made the additional and original observation that mice exhibited
thigmotaxis behavior 14 days after B16-F10 cell inoculation,
including a decrease in number of rearing events and time spent in
the inner zone in the open field test. As spontaneous pain is often
present in cancer patients,5 spontaneous pain-related behaviors
need to be included in the panel of responses evaluated in preclini-
cal pain studies.30,41 Thus, the current mouse model seems to
appropriately recapitulate the clinical condition by investigating
both reflexive (using the von Frey hairs test and acetone test) and
nonreflexive (thigmotaxis behavior) responses.
However, our major observation is that TRPA1 plays a
critical role in mechanical and cold hypersensitivity, and in
thigmotaxis behavior induced by B16-F10 melanoma tumor
cells inoculation in the mouse hind paw. This conclusion is
supported by two distinct genetic findings. First, TRPA1
homozygous gene-deletion prevented the development of
either mechanical and cold allodynia and thigmotaxis behav-
ior. The observation that Trpa1-deleted mice were completely
protected indicated that the channel is necessary and sufficient
for the pain-like responses and the thigmotaxis behavior
evoked by cancer growth. Second, the knockdown of neuronal
TRPA1 by intrathecally administered AS ODN, which we and
others42 have reported to selectively abate TRPA1-mediated
Figure 4. TRPA1 antisense oligonucleotide or TRPA1 antagonists administration decreased pain-related responses in a cancer pain model in
mice. (a) Capsaicin- and AITC-evoked acute nociception (eye wiping response) after intrathecal (i.th.) antisense/mismatch (AS/MM)
oligonucleotides (ODN). (b) Mechanical and cold allodynia after AS/MM ODN administration. (c) Thigmotaxis behavior assessed by measuring
number of rearing events or the time spent in the inner zone in the open field test. (d) Mechanical and cold allodynia after intragastric (i.g.)
HC-030031 (HC03, 300 mg/kg) administration; (e) Mechanical and cold allodynia after A967079 (A96, 100 mg/kg, i.g.) administration; (f )
Thigmotaxis behavior assessed by measuring number of rearing events or the time spent in the inner zone in the open field test, measured
1 h after HC03 (300 mg/kg, i.g.) administration. All the tests were performed at day 14 after B16-F10 melanoma cells (2 × 105 cells/mL,
20 μL) intraplantar (i.pl.) inoculation. Control mice were injected in the paw with PBS. BL, baseline measurement. Veh is the vehicle of
different treatments. Data are expressed as mean + S.E.M. (n = 8 mice per group). **p < 0.01; ***p < 0.001 when compared to PBS; §p < 0.05,
§§§p < 0.001, when compared to B16-F10 or Veh/B16-F10. Two-way ANOVA followed by Bonferroni’s post hoc test.
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nociceptive signals, transiently attenuated the pain responses
and the thigmotaxis behavior. However, genetic TRPA1 dele-
tion could not discriminate as to whether the channel medi-
ates solely the initial activation of the proalgesic pathway or
its targeting is continuously required to maintain the pro-
longed condition of hypersensitivity and nociception. The
ability of two different channel antagonists, HC-030031 and
A967079,12,13,43 to completely, but transiently, reverse cancer-
related mechanical and cold allodynia and thigmotaxis behav-
ior is possibly due the according to the short half-lives of the
two drugs.44,45 However, the temporary effect suggests that
one or more, hitherto unknown, endogenous agents produced
during cancer progression are required to continuously target
TRPA1 in order to sustain pain-like responses.
The tumor microenvironment is enriched by several inflam-
matory and immune mediators, and some of them might
directly or indirectly target TRPA1 to signal pain.46 In particu-
lar, excessive cancer cell turnover and metabolism or recruited
immune and inflammatory cells present in the tumor milieu
may increase oxidative stress.24,35 Since ROS and their bypro-
ducts, including the RNS, peroxynitrite and the RCS,
4-hydroxynonenal, are among the most active endogenous acti-
vators of TRPA1,16,47 we sought to find out whether, 14 days
after cell inoculation when mechanical and cold allodynia, and
Figure 5. Melanoma cell inoculation increased the oxidative stress markers and α-lipoic acid attenuates pain-related responses. (a) H2O2 levels
or (b) NADPH oxidase activity measured in the hind paw skin tissue after B16-F10 intraplantar (i.pl.) inoculation of melanoma cells (2 × 105
cells/mL, 20 μL). (c) Mechanical and cold allodynia and heat hypersensitivity after intragastric (i.g.) administration of the antioxidant α-lipoic
acid (αLA, 100 mg/kg). (d) Thigmotaxis behavior assessed by measuring number of rearing events, or the time spent in the inner zone in the
open field test, measured 1 h after αLA (100 mg/kg, i.g.) administration. All tests were performed at day 14 after B16-F10 melanoma cell (2 ×
105 cells/mL, 20 μL) inoculation (i.pl.). Control mice were injected in the paw with PBS. BL, baseline measurement. Veh is the vehicle of αLA.
Data are expressed as mean + S.E.M. (n = 8 mice per group). *p < 0.05, ***p < 0.001 when compared to PBS; §p < 0.05, §§§p < 0.001, when
compared to veh αLA/B16-F10. Student’s t-test, two-way ANOVA, or one-way ANOVA followed by Bonferroni’s post hoc test.
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the thigmotaxis behavior were maximal, markers of oxidative
stress were increased in the affected paw. The observation that
H2O2 levels were markedly enhanced and that such increase
was associated with enhanced NADPH oxidase activity con-
firmed in our present model that tumor growth is associated
with a local increase in oxidative stress. ROS involvement in
cancer pain has recently been proposed,8 and increased levels of
NADPH oxidase activity have been found in a murine breast
tumor model.48 However, the underlying mechanism by which
oxidative stress generates pain signals in cancer pain is poorly
understood. The present results, showing that the antioxidant,
α-lipoic acid, reversed mechanical and cold hypersensitivity,
and the changes in the thigmotaxis behavior, underscore the
association between oxidative stress generation and TRPA1 sig-
naling in cancer-evoked pain-like responses. As both TRPA1
antagonism and ROS inhibition caused complete attenuation of
pain-like responses, the most parsimonious hypothesis pro-
poses that ROS and their byproducts generated within the
tumor microenvironment continuously target TRPA1 on noci-
ceptor nerve terminals surrounding cancer tissue to signal pain.
The presence of TRPA1-expressing fibers in nerve bundles
closely associated with tumor cells may provide some support
to the present hypothesis. A pain-signaling pathway initiated by
oxidative stress and mediated by TRPA1 has been proposed in
models of chemotherapeutic-induced neuropathic pain, which
typically occurs in patients treated with anticancer drugs.12–14,19
However, to the best of our knowledge, this is the first study
showing the involvement of TRPA1 in a model of cancer pain.
In addition, whereas a role for oxidative stress in models of can-
cer pain has been previously proposed,35,39,48 this is the first
paper showing that increased oxidative stress sustains cancer
pain via its ability to target TRPA1 in nociceptors.
TRPA1 overexpression has been proposed as an unfavorable
prognostic marker in nasopharyngeal carcinoma,49 and to
contribute to lung cancer progression.46 B16-F10 melanoma cells
inoculation caused a marked increase in paw thickness that may
be considered a good approximation of cancer growth. Thus, the
observation that, after B16-F10 melanoma cells inoculation, the
time-dependent increase in paw size was similar in both Trpa1+/+
and Trpa1−/− mice suggests that TRPA1 deletion is irrelevant for
cancer growth. The absence of TRPA1 expression in the B16-F10
melanoma cells is in line with this observation. TRPA1 activation
is associated with the release from nerve peripheral terminals of
the proinflammatory neuropeptides substance P and calcitonin
gene-related peptide, which promote neurogenic inflammatory
responses, namely plasma protein extravasation and vasodilata-
tion, respectively.10 Present findings that paw thickness was
unchanged in Trpa1−/− mice suggest that neither neurogenic
inflammatory nor the TRPA1-mediated component of neuro-
genic inflammation significantly contribute to increase the paw
size during cancer growth.
Cancer pain is usually difficult to manage in the clinical set-
ting. New mechanisms involved in this type of neuronal hyper-
sensitivity must be explored, considering that unalleviated
cancer pain markedly decreases a patient’s quality of life.5
Despite increasing efforts to ameliorate the treatment of cancer
pain, opioids remain the leading therapeutic option, with, how-
ever, marked limitations to their use.6,50 Thus, novel targets
that contribute to the processing of cancer pain are urgently
needed to identify effective and safe medicines. Heat allodynia
associated with cancer growth was entirely independent from
TRPA1 activation and oxidative stress and was partly due to
TRPV1 activated by some hitherto unknown mediator. Not-
withstanding, due to the marked contribution of TRPA1 to
thigmotaxis behavior and mechanical allodynia, which are the
most troublesome features of cancer pain,1,2 the development
of TRPA1 antagonists appears to be a suitable therapeutic
strategy for the alleviation of pain in cancer patients.
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